1. A method was devised for the determination of the specific radioactivity of the acetyl moiety of acetylcholine synthesized from various "4C-labelled substrates. 2. The precursor for the acetyl moiety of acetylcholine was studied in slices of striatum and cerebral cortex from rat and guinea-pig brain. Incorporation of radioactivity into acetylcholine was determined after incubating the slices in the presence of [2-14C] 
1. A method was devised for the determination of the specific radioactivity of the acetyl moiety of acetylcholine synthesized from various "4C-labelled substrates. 2. The precursor for the acetyl moiety of acetylcholine was studied in slices of striatum and cerebral cortex from rat and guinea-pig brain. Incorporation of radioactivity into acetylcholine was determined after incubating the slices in the presence of [2-14C] acetate, [14C] bicarbonate, [1,5-_4C] citrate, DL-[1-or 5-14C]glutamate or [1-or 2-14C]pyruvate. 3. After incubation for lh, acetylcholine was accumulated significantly in both striatum slices (4.lnmol/mg of protein) and cerebral-cortex slices (0.57nmol/mg of protein) from the rat. Final concentrations were about 11 and 5 times respectively the initial values. 4. With slices from rat striatum, rat cerebral cortex and guinea-pig cerebral cortex, the specific radioactivity of acetylcholine derived from [2-14C]pyruvate was very high, reaching approx. 30, 20 and 6% respectively ofthe initial specific radioactivity ofadded pyruvate in the medium. With the striatum slices this high value was reached after incubation for 15min.
Incorporation of radioactivity from [2-14C]acetate was only 1. 25, 5.3 and 19.7% of that from [2-14C] pyruvate in rat striatum, rat cerebral-cortex and guinea-pig cerebral-cortex slices respectively. A small but definite incorporation was found from [5-14C] glutamate. No incorporation was found from the other substrates.
The findings suggest that pyruvate is the most important precursor for the synthesis of the acetyl moiety of acetylcholine in brain slices. 5. The specific radioactivity of acetylcholine relative to that of citrate when [2-14C] pyruvate was used compared with that obtained when [2-14C] acetate was used. A marked difference was found in all slices, suggesting metabolic compartmentation of the acetyl-CoA pool.
In studying the fixation of C02 by nervous tissue, we demonstrated the reversal of the tricarboxylic acid cycle at the tricarboxylic acid level (Waelsch, Cheng, Cot6 & Naruse, 1965;  Nakamura, Cheng, Naruse & Waelsch, 1966-67) . It was suggested that the citrate thus formed from glutamate could conceivably yield acetyl-CoA and ACh* through the combined action of citrate cleavage enzyme and choline acetylase. The acetyl moiety of acetylCoA has been thought to be derived from pyruvate (Quastel, Tennenbaum & Wheatley, 1936) ; however, acetate and citrate have also been suggested as the precursor (Lipton & Barron, 1946; Hebb, 1954; Tucek, 1967a,b) . In this and the following paper (Cheng & Nakamura, 1970) , we have reinvestigated the problem by using "4C-labelled substrates in brain slices and in isolated lobster * Abbreviation: ACh, acetylcholine.
nerve, both of which synthesize ACh in vitro (Sattin, 1966; Dettbarn & Rosenberg, 1966) . The two principal precursors were found to be pyruvate and acetate and their relative utilizations in the two kinds ofnervous tissue were different. A preliminary report of this work has appeared (Nakamura & Cheng, 1967 (McIlwain & Rodnight, 1962) . They were then transferred to a 50ml Erlenmeyer flask containing the incubation medium described below.
The incubation flask contained 4.8ml of bicarbonate medium of the following composition (final concentrations): 118.4mM-NaCl, 4.7mM-KCl, 2.5mM-CaCl2, 1.2mM-KH2PO4, 1.2mM-MgSO4, 15.5mM-NaHCO3, 10mM-glucose, 1.0mM-choline chloride, 0.3 mM-GSH and 0.1 mMCoA (Sattin, 1966 Slices, 0.3-0.4mm thick, were prepared from rat cerebral cortices (Mcllwain & Rodnight, 1962) . The first slice was used, with the second slice sometimes added to make up the weight. Slices from two rats usually weighing about 250-300mg were used for one experiment. The cerebral-cortex slices were weighed and incubated in the same manner as the striatum slices.
Cerebral-cortex slices from guinea-pigs (about 400g) were prepared similarly to those from the rat. Both the first and second slices from each hemisphere were used, and sometimes a third slice was added to make up the weight, which was about 500mg in these experiments. (Cheng & Waelsch, 1963; Naruse, Cheng & Waelsch, 1966) . A final 10ml water wash was also collected. The pH of this combined eluent (fraction E) was about 4.5. At this pH ACh was relatively stable and could be kept for some time without significant loss.
Fraction E from the Dowex 1 column was added to a column of a weak carboxylic acid resin, BioRex-70 (HI form). The column was washed with 10ml of water (the combined eluent was designated fraction F) and then eluted with 5ml portions of 5mM-formic acid. The column was prepared by mixing 1 part of 100-200-mesh resin with 2 parts of 200-400-mesh resin. After being decanted in 2 M-HCI several times to remove fine particles, the mixture was poured into columns (1lmm outside diam.) to a capacity of 20ml. Before use, each column was washed twice with 300 ml of water.
ACh appeared in fractions 25-35 ( Fig. 1 , which shows the elution pattern of beveral choline derivatives and also y-aminobutyrate). There was only a very slight overlapping ofACh fraction from choline and propionyleholine. In later experiments it was found that the peaks could be sharpened slightly by using 15mM-formic acid as the eluent and the separation became better. The fractions containing ACh were pooled, freeze-dried and kept frozen. The recovery was 89% (s.m.M.±3%) in 24 control experiments where authentic radioactive ACh was added to a non-radioactive extract (fraction E).
Purity of AChfraction. Although the ACh fraction thus The eluent was 5mM-formic acid and the eluate was collected in 5ml fractions. The total radioactivity in each tube was plotted for choline, acetylcholine and y-aminobutyrate, and the total nmol in each tube were plotted for propionylcholine and butyrylcholine.
collected was relatively free of choline and propionylcholine, its purity was still in doubt. After pooling and concentration of the fractions containing ACh from a number of experiments, a sample was spotted on a thinlayer plate of MN300-cellulose. The plate was developed with a mixture of butan-1-ol-ethanol-acetic acid-water (8:2:1:3, by vol.) (Hemsworth & Morris, 1964) . The chromatogram was first sprayed with 0.3% ninhydrin in acetone and then 1% iodine in ethanol (Randerath, 1966) . Besides choline and ACh, ninhydrin-positive streaks were seen. The presence of choline was expected, since the pooled sample used had been frozen, thawed and freeze-dried several times. The other contaminants were found to be arginine and histidine whose elution patterns overlapped ACh and choline respectively; lysine was eluted before histidine and its peak overlapped with that of histidine. Among other substances tested, adrenaline, noradrenaline, 3,4-dihydroxyphenylalanine, and 3,4-dihydroxyphenethylamine were all eluted before ACh. Serotonin was eluted after ACh. Succinylcholine was eluted very late, apparently as a consequence of the ratio of two choline molecules to each succinic acid molecule.
The monocholine ester was not tested. y-Aminobutyrylcholine was also eluted very late and slowly decomposed on the column. Acetylcarnitine was assayed by its acetyl group which was not recovered from any column in several attempts. We thus assume that it is unstable on these columns. The only other compound tested and found contaminating the ACh fraction was tyramine, whose elution pattern overlapped slightly with that of ACh.
Determination of the 8peciftc radioactivity of ACh. The radioactivity in the final ACh sample after freeze-drying was determined with a low background planchet counter (Cheng & Waelsch, 1963) . Sample contamination was corrected by the determination of the percentage of radioactivity in the acetyl group as follows: two identical portions of the final sample were added to two separate scintillation bottles. To one of them was added horse serum cholinesterase to hydrolyse the ACh in 0.5ml of the following reactien mixture (final concentrations) at pH7.4: 4mM-tris, 40mM-MgCI2, 0.2mg of cholinesterase and sample containing approx. 15nmol of ACh. Cholinesterase was absent from the other bottle. Similarly a few standards were set up containing 15nmol of ACh and various tracer amounts ofacetyl-labelled ACh also with and without cholinesterase. After 2 h of incubation at room temperature, the reaction was stopped with 0.05ml of 50% (w/v) trichloroacetic acid. A filter-paper disc was introduced into each bottle and the samples were dried over NaOH pellets in a vaccum desiccator. It was most important to dry the filter paper thoroughly so that the removal of acetic acid was complete. Scintillation fluid [6ml of 0.4% 2,5-diphenyloxazole and 0.01% 1,4-bis-(5-phenyloxazol-2-yl)benzene in toluene] (Mans & Novelli, 1961) was added and the radioactivities of the samples were measured in a scintillation counter ). An example is given in Table 2 , which shows that enzymic hydrolysis was esentially complete under these conditions, in good agreement with the observation of Hestrin (1949 Hestrin ( , 1950 (Chang & Gaddum, 1933) . No interfering substance was found by the Feldberg technique (Feldberg & Vogt, 1948) .
RESULTS
Concentration ofACh in 8lice8. The concentrations of ACh in rat striatum and cerebral-cortex slices are shown in Table 3 . Without incubation the results were in general agreement with those reported in the literature (Mann, Tennenbaum & Quastel, 1938; Takahashi & Aprison, 1964; Sattin, 1966) . After incubation the ACh content in the striatum slices increased some 11-12-fold from the resting value of 0.36nmol/mg of protein to 4.1+ 0.lnmol/mg of protein (n = 24). This compared favourably with the reported increase of 14-15-fold (Sattin, 1966) . Although the increase in the cerebralcortex slices was less, only fivefold to 0.57+ 0.02nmol/mg of protein (n = 14), it was also in line with that reported by Mann et al. (1938) . The ACh concentration in slices after incubation in media containing various labelled substrates in addition to glucose remained the same.
Incorporation of radioactivity into the acetyl group of ACh. Slices from both the striatum and cerebral cortex incorporated C-2 of pyruvate into the acetyl moiety of ACh to a great extent (Table 4 ). In the slices from the rat striatum and cerebral cortex, the specific radioactivity of ACh reached approx. 30% and 19% respectively of that of pyruvate in the medium, whereas in the guinea-pig cerebral-cortex slices it was only 5.6%. With [2-14C]acetate as the precursor much less incorporation was found; in the same order as above, the specific radioactivities of ACh were 0.6, 1.7 and 2.4% respectively of that of acetate in the medium. Cerebral-cortex slices utilized acetate better than striatum slices whereas the reverse was true for pyruvate. There seemed to be an inverse relationship between pyruvate and acetate utilization in the three kinds of slices. The total radioactivity and the percentage of hydrolysis in Table 4 illustrated the reliability of the specific radioactivity calculated from these results. A low percentage of hydrolysis (less than 20%) in any experiment or a low total radioactivity rendered the corrected specific radioactivity invalid.
Thus the [5-14C]glutamate experiments in both the rat striatum slices and the guinea-pig cerebral cortex slices showed significant, although low, incorporation and the results from [1,5-14C] (Berl & Clarke, 1969) , it is relevant to ask whether the acetyl-CoA pool is also compartmentalized. The relative specific radioactivity ratio (specific radioactivity of citrate/specific Vol. (Cheng & Nakamura, 1970 (Table 4 ). In the striatum slices, the specific radioactivity reached 30% of that of the precursor in less than 15min ( Cheney, Gubler & Jaussi (1969) . The amounts of radioactivity incorporated were highly variable, which was probably due to the manner in which the labelled pyruvate was introduced. To study brain metabolism after subcutaneous injection of a sub-strate encounters two difficulties, namely the participation of liver metabolism and the penetration of the blood-brain barrier.
On comparison of pyruvate and acetate as the substrate in the two kinds of rat brain slices, a difference in radioactivity incorporation into ACh emerged. In relative but not in absolute terms striatum slices utilized pyruvate better than did cerebral-cortex slices, but the contrary was observed with acetate. Perhaps various parts of the brain use these substrates differently [see Berl & Frigyesi (1969) for analogous observations on leucine incorporation]. We found that in a different nervous tissue, the lobster nerve, acetate was utilized far better than pyruvate (Cheng & Nakamura, 1970) . The much lower incorporation of radioactivity from acetate and citrate could be a reflexion of the relatively low activity of acetate thiokinase and of the citrate-cleavage enzyme respectively in the brain (Tucek, 1967b (Waelsch et al. 1965) . In the rat the specific radioactivity of ACh was approx. 0.5 and 0.3 % of that of citrate in striatum slices and in cerebral-cortex slices respectively. These values indicated that the rate of conversion was small, which served to confirm the low activity of citratecleavage enzyme (Tucek, 1967b) . However, the values of 0.5 and 0.3% should be compared with 0.003 and 0.002% observed with exogenous added citrate (S.-C. Cheng and R. Nakamura unpublished work). These large differences probably arose from metabolic compartmentation of citrate (S.-C.
Cheng & R. Nakamura, unpublished work; see also Berl & Clarke, 1969) .
A comparison was made of the incorporation of radioactivity from acetate and pyruvate into ACh and citrate, which shared acetyl-CoA as their common precursor. If acetate and pyruvate were entering into a common pool of acetyl-CoA, and at the same time ACh and citrate were derived from the same common pool of acetyl CoA, then the relative specific radioactivity ratio would remain the same, irrespective of whether acetate or pyruvate was the source of radioactivity in acetyl-CoA. Results in Table 6 suggested that this was not so. The ratio was always higher in brain slices when labelled acetate was the precursor. Those from acetate were approx. 11 and 3.7 times those from pyruvate for rat striatum and cerebral cortex respectively. A high ratio was also obtained with guinea-pig cerebral-cortex slices, but here total radioactivity instead of specific radioactivity was used in the calculation. This deviation from unity suggested compartmentation of acetyl-CoA in the brain slices (as suggested by Hebb, 1957; Berl & Frigyesi, 1968) and could only be explained by assuming that: (a) there were at least two pools of acetyl-CoA; (b) pyruvate and acetate entered the two pools differently; (c) ACh and citrate utilized acetyl-CoA from the two pools differentially. In the lobster nerve, the ratio for acetate was less than that for pyruvate. We tentatively suggest, although no direct experimental measurements have been made, that these metabolic compartments reside in different cellular structures. In the lobster nerve, these compartments could be located in motor, sensory or inhibitory fibres. For example, a high concentration of y-aminobutyrate is only found in the inhibitory fibres (Kravitz & Potter, 1965) . In brain, they could be located in neurones, glia, nerve fibres or nerve endings (Rose, 1968; Chakrin & Whittaker, 1969; Neidle, van den Berg & Grynbaum, 1969; Berl & Clarke, 1969) . The compartmentation of acetyl-CoA in brain could also be linked to the compartmentation of tricarboxylic acid cycle as a whole. Evidence for this assumption has been communicated elsewhere (Nakamura & Cheng, 1969) .
Transport of acetyl-CoA from mitochondria. Since it is generally agreed that choline acetylase is extramitochondrial (see Fonnum, 1968) and acetyl-CoA is produced inside the mitochondria the problem arises as to how acetyl-CoA is transported from the inside of mitochondria to the sites of ACh synthesis. In liver, four possible mechanisms for acetyl-CoA transport have been proposed, involving (a) a direct transport of acetyl-CoA, (b) its transport via acetyl-carnitine, (c) its transport via acetate, and (d) its transport via citrate, which was considered the most likely route (Srere, 1965; Spencer & Lowenstein, 1966; Greville, 1969) . In the present studies with brain slices, no significant radioactivity was found in ACh from [1,5_14C] Acetyl thiokinase is located primarily in the mitochondria in the brain (see Nakamura &(Cheng, 1969) , so the acetyl-CoA synthesized from acetate would be intramitochondrial. This cannot serve as an acetate-mediated-transport mechanism where intramitochondrial acetate-CoA is required to be deacetylated at the inside of the mitochondrial membrane and the resultant acetate combines with another CoA on the outside. The possibility of either a direct transport of acetyl-CoA or its transport via the acetylearnitine mechanism cannot be assessed here. Other possibilities also exist such as its transport in the form of acetylhistidine or acetylarginine (Erspamer, Roseghini & Anastasi, 1965; Ohkusu & Mori, 1969) . Its transport as acetylaspartate or acetylglutamate should not be likely since these ions would be more charged and their metabolic turnover was reported to be slow (Reichelt & Kvamme, 1967; Marcucci, Airoldi & Mussini, 1969) .
